Despite considerable efforts to sequence hypermutated cancers such as melanoma, distinguishing cancer-driving genes from thousands of recurrently mutated genes remains a significant challenge. To circumvent the problematic background mutation rates and identify new melanoma driver genes, we carried out a low-copy piggyBac transposon mutagenesis screen in mice. We induced eleven melanomas with mutation burdens that were 100-fold lower relative to human melanomas. Thirty-eight implicated genes, including two known drivers of human melanoma, were classified into three groups based on high, low, or backgroundlevel mutation frequencies in human melanomas, and we further explored the functional significance of genes in each group. For two genes overlooked by prevailing discovery methods, we found that loss of membrane associated guanylate kinase, WW and PDZ domain containing 2 and protein tyrosine phosphatase, receptor type, O cooperated with the v-raf murine sarcoma viral oncogene homolog B (BRAF) recurrent V600E mutation to promote cellular transformation. Moreover, for infrequently mutated genes often disregarded by current methods, we discovered recurrent mitogen-activated protein kinase kinase kinase 1 (Map3k1)-activating insertions in our screen, mirroring recurrent MAP3K1 up-regulation in human melanomas. Aberrant expression of Map3k1 enabled growth factor-autonomous proliferation and drove BRAFindependent ERK signaling, thus shedding light on alternative means of activating this prominent signaling pathway in melanoma. In summary, our study contributes several previously undescribed genes involved in melanoma and establishes an important proof-of-principle for the utility of the low-copy transposon mutagenesis approach for identifying cancer-driving genes, especially those masked by hypermutation.
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piggyBac PB transposon | somatic mutagenesis | low-copy genetic screen T he sequencing of human cancer exomes has led to the identification of new candidate driver genes with the understanding that genes promoting cancer growth (drivers) are more frequently mutated compared with genes not involved in cancer (passengers) (1) . In addition, exome sequencing has uncovered the existence of hypermutated tumors, which possess greatly elevated background mutation rates (2) (3) (4) . Nearly all melanomas and lung cancers are hypermutated, with an average of 433 and 256 nonsilent mutations per tumor, respectively (5) (6) (7) (8) (9) (10) (11) (12) (13) . In these cancers, disproportionate increases in passenger mutations obfuscate the differential mutation frequencies used to distinguish drivers from passengers. Uncontrolled inflation of false-positive drivers obscures the identities of true drivers (low specificity) whereas overly stringent filters compromise the detection of true drivers (low sensitivity) (14) . A productive balance between sensitivity and specificity remains to be achieved. Given these considerable challenges, efforts to identify genes important for hypermutated cancers would benefit from experimental cancer screens that can substantially reduce passenger mutations.
Since the mobilization of piggyBac (PB) and Sleeping Beauty (SB) transposons in mice (15, 16) , transposon somatic mutagenesis screens have become important functional complements to human cancer sequencing (17) (18) (19) . Prevailing high-copy SB insertional mutagenesis screens for cancer-gene discovery mobilize hundreds of transposons per cell to generate hundreds of insertional mutations, and this strategy has proven highly efficient at inducing tumors in mice. Although high insertional mutation rates present problems for distinguishing drivers from passengers similar to those seen in human cancers, high-copy screens use large cohorts of mice to achieve adequate statistical power for subsequent analysis. Although low specificity remains a serious issue, high-copy screens have identified several dozen genes whose human orthologs are frequently mutated in colorectal and pancreatic cancers (20) (21) (22) .
For hypermutated cancers, the utility of such cross-species comparisons is limited due to the rampant mutation rates inherent in high-copy experimental mouse screens. In theory, the efficiency of PB transposition would permit screens for tumorigenesis to be performed using greatly reduced numbers of mutagenic transposons. The development of such low-copy mutagenesis systems would circumvent the insertional hypermutation produced by high-copy experimental mouse screens, thereby minimizing passenger mutations and enriching for potentially causative mutations. The virtue of such an approach would permit smaller cohorts of mice to be used and enable effective cross-species comparisons to further facilitate the identification of driver genes in human cancer.
We were intrigued by the potential of using limited numbers of transposons per cell for inducing tumors, as this approach has not previously been exploited. As proof-of-concept for the lowSignificance Passenger mutation rates are highly elevated in many human cancers, posing a significant hurdle for the identification of cancer-driving genes. In this study, we screened for melanomas in mice using a unique, low-copy transposon mutagenesis system that can induce tumors with few somatic mutations. We show that our experimental system accurately recapitulated the genetic basis of human melanomas with only five somatic mutations, thus circumventing hundreds of unrelated passengers. Using cross-species comparative analyses and functional studies in human cells, we identified three previously undescribed genes involved in melanoma and several dozen candidate genes. Our study demonstrates that the low-copy transposon mutagenesis approach can facilitate the identification of cancer-driving genes that are masked by high passenger mutation rates.
copy mutagenesis methodology, we set our sights on identifying new candidate genes for melanoma, the most hypermutated of human cancers. Melanomas often harbor driver mutations in BRAF, neuroblastoma RAS viral (v-ras) oncogene homolog (NRAS), cyclin-dependent kinase inhibitor 2A (CDKN2A), and phosphatase and tensin homolog (PTEN), as well as frequent amplifications but rare protein-coding mutations in microphthalmia-associated transcription factor (MITF) and v-kit HardyZuckerman 4 feline sarcoma viral oncogene homolog (KIT) (23) . However, knowledge of new driver genes remains limited. Using a low-copy PB mutagenesis system (seven-copy) in mice, we report the induction of melanomas with 100-fold lower mutation rates compared with human melanomas, the validation of Cdkn2a and Mitf as driver genes, and the identification of 36 previously undescribed candidate genes. By cross-species comparative analysis and experiments in human cells, we show that MAGI2, PTPRO, and MAP3K1 have functional significance to human melanoma and are either overlooked or undetected by prevailing cancer-gene discovery methods. These findings demonstrate the power of low-copy transposon screens in mice for identifying genes relevant to human cancers, especially those with high mutation rates.
Results
Mouse Melanomas Induced by Few Somatic Mutations Recapitulate the Genetic Basis of Human Melanoma. In humans, benign nevi and malignant melanomas frequently harbor the oncogenic BRAF V600E mutation (24, 25) . BRAF V600E is an important initiating mutation in melanoma but is insufficient for driving melanoma genesis on its own (26) . To maximize the relevance of our experimental system to human melanoma, we used a conditional knock-in Braf mouse model, Braf CA . In the presence of Cre recombinase, the functionally wild-type Braf CA allele is converted into Braf V600E (26, 27) . We bred Braf CA mice with Tyr-CreER transgenic mice (28) to enable tamoxifen-inducible conversion of Braf CA specifically in melanocytes of double transgenic progeny. Two single transgenic lines (Luc-PB[mut]7 and Act-PBase), each carrying half of the essential components of a low-copy PB somatic mutagenesis system that we previously developed (PB-SMART) (19) , were separately crossed into this line. We then performed a forward genetic screen for melanomas by intercrossing triple transgenic mice (Fig. 1A) . In this system, PB mutator transposons can be mobilized from their initial positions within luciferase reporter genes by the PB transposase (PBase) (Fig. 1A) . Subsequent PB reinsertion at sites throughout the mouse genome can generate random insertional mutations that can drive or disrupt gene expression (Fig. 1A) . The critical element of this approach is the restriction on the number of PB transposons per cell. By limiting each cell to seven mutator transposons, we ensure that no cell can concurrently harbor more than seven insertions.
A luciferase-labeled mutagenesis cohort of mice that mobilize PB mutator transposons in somatic cells (Braf CA ;Tyr-CreER;Luc-PB[mut]7;Act-PBase) and a nonmutagenesis control cohort (Braf CA ; Tyr-CreER;Luc-PB[mut]7 or Braf CA ;Tyr-CreER;Act-PBase littermates) were monitored for the development of melanomas. Beginning 4 mo after activating oncogenic Braf, luciferase-expressing tumors formed in the mutagenesis cohort and were confirmed to be malignant melanomas by histology and immunohistochemistry ( Fig. 1 B-E) . Overall, 8/17 mice in the mutagenesis cohort succumbed to melanomas within 15 mo whereas the control cohort remained mostly melanoma-free (Fig. 1F) , indicating that the seven-copy PB mutator drove the development of melanoma.
We performed linker-mediated PCR and Illumina sequencing to comprehensively map the insertional landscape in melanomas from our mutagenesis cohort as well as three PB-induced melanomas from other low-copy (seven-copy) mutagenesis screens not using Braf V600E . Sixty percent of insertions were located in transcription units or genes (hereafter referred to as insertional mutations), and the rest were intergenic. We noted that very few insertional mutations accounted for the vast majority of sequencing reads within each tumor. The preponderance of reads from these insertions likely reflects their clonal abundance in the melanomas and thus identifies them as potential driver mutations. Random sampling of one-third of all insertional mutations by genomic PCR confirmed the clonal abundance of mutations (Fig. S1 ). In total, 45 insertional mutations in 38 genes (37 protein-coding, 1 noncoding RNA) were identified, corresponding to an average of 4.1 insertional mutations per tumor (Table S1 ). Importantly, among the identified genes are two bona fide melanoma driver genes, Mitf and Cdkn2a. MITF is a melanocyte lineage-restricted oncogene that is frequently amplified in human melanomas (23) . Consistent with the alterations in human melanomas, we found that mouse melanomas harboring insertional mutations in Mitf were up-regulated approximately sevenfold by real-time RT-PCR (qPCR) (Fig. 1G) . Meanwhile, CDKN2A is a tumor suppressor gene frequently mutated or deleted in human melanomas (23) , and, in a mouse melanoma, we likewise mapped an insertional mutation disrupting the third exon of Cdkn2a (insertion in the 3′ UTR of p16
Ink4a and p19 Arf ). Using primers capable of detecting both products expressed by the Cdkn2a locus, we found that the insertional mutation reduced gene expression within the tumor (Fig. 1H) . Combined with the Braf V600E mutation used at the outset of the screen, our identification of Cdkn2a and Mitf covers 50% of all functionally verified melanoma drivers, providing strong validation for the relevance of this screen to human melanoma and for investigating the yet-to-be-identified oncogenic events necessary for melanoma.
Given an average of four insertional mutations per tumor, the probability of multiple insertions in the same gene across melanomas occurring due to chance is extremely low, suggesting that recurrent mutations are highly likely to drive melanoma. We identified Mitf, Arhgef3, Map3k1, Map3k2, and Rapgef2 as recurrently mutated genes (Table 1) , highlighting the potential importance of four previously undescribed genes in promoting melanomas. The high frequency of coding-direction insertional mutations affecting Arhgef3, which encodes a regulator of Rho family GTPases, and significant enrichment for genes involved in Rho family GTPase signaling as identified by Ingenuity Pathway Analysis (P = 0.01, Benjamini-Hochberg method for multiple testing) support a role for hyperactive Rho family GTPase signaling in melanoma. Notably, these results are consistent with recent discoveries that Rho family GTPases are recurrently activated in human melanomas (10, 11) . Multiple coding-direction insertional mutations were also recovered in Rapgef2 and Rap2b, suggesting that Rap GTPases may promote tumor formation.
Two important proofs-of-principle are established by these results. First, low-copy PB insertional mutagenesis can efficiently induce solid tumors such as melanomas in mice. Second, this system can be used to identify true human driver genes. Furthermore, because the low-copy PB system minimizes the accumulation of unrelated passenger mutations, it is poised to facilitate the discovery of new genes associated with cancer, especially hypermutated cancers.
Identification of Recurrent and Mutually Exclusive Map3k1/2 and Braf V600E Mutations in Melanomas. Given that multiple random insertions into the same gene across multiple melanomas using this low-copy mutagenesis strategy is extremely unlikely, we postulated that frequently mutated genes from our screen are functionally important for melanoma. Of the 38 genes, Map-3-kinase family members were the most frequently mutated. Transposon insertions in Map3k1 were clustered in introns 9 and 10 ( Fig. 2A) , despite no enrichment of PB target sites in the region. All three insertions were oriented in the coding direction, suggesting over- ) and PB somatic insertional mutagenesis. PB[mut] carries a splice acceptor, stop sequence, and poly-A signal, as well as an Actin promoter driving an initiator exon with splice donor sequence. PB[mut] is initially inserted in the luciferase gene, and, upon "cut-and-paste" transposition mediated by PBase, the mutator transposon can integrate into sites in the host genome. Precise reconstitution of the luciferase gene following transposition permits the labeling of melanomas (B) that develop following tamoxifen administration (C). Melanomas induced by PB[mut] are highly invasive, seen here invading through muscle (D), and display positive immunoreactivity to the S100 melanoma marker (E). (Scale bars: D and E, 50 μm.) (F) Mice in the mutagenesis cohort developed melanomas significantly earlier than mice in the control cohort (P < 0.005, log-rank test). (G) An insertion into the promoter region of Mitf led to a sevenfold up-regulation of gene expression, consistent with the known role of MITF as an oncogene. (H) An exon-interrupting insertion found in the tumor suppressor gene Cdkn2a reduced mRNA expression. Relative transcript levels in melanomas with Mitf or Cdkn2a insertional mutations were compared with three melanomas not harboring these insertions. *P < 0.05, t test. Data in G and H are presented as mean ± SD (n = 3).
expression of the 3′ gene portion ( Fig. 2A) . RT-PCR with primer pairs spanning the PB mutator transposon's initiator exon (Fig.  1A ) and downstream Map3k1 exons confirmed the presence of chimeric PB-Map3k1 transcripts (Fig. 2B ). An overall increase of Map3k1 transcript levels was observed in mutated tumors by qPCR (Fig. 2C) . Overexpression of Map3k1 in these tumors was verified by immunohistochemistry using an antibody directed against the C-terminal region of Map3k1 (Fig. 2D) . Similarly, insertions in Map3k2 were regionally clustered ( Fig. 2A) , induced the expression of chimeric PB-Map3k2 mRNA (Fig. 2B ), and drove overexpression (Fig. 2C ). The recurrent mutation and overexpression of Map3k1/2 gene products suggest a functional importance in melanoma.
Seventy percent of human melanomas harbor oncogenic BRAF or NRAS lesions that constitutively activate ERK signaling (23) . When overexpressed in cultured cells, Map3k1/2 can also activate ERK signaling (29, 30) ; however, these genes have not been previously implicated in melanoma. Recurrent mutations causing Map3k1/2 overexpression were surprising given that the somatic Braf V600E mutation used in the screen already drove ERK signaling. We surmised that these mutations may have arisen in rare melanocytes retaining Braf CA . The conditional Braf allele made it possible to examine whether Braf was oncogenically activated in Map3k1/2-mutated melanomas. Indeed, we found that Braf V600E and Map3k1/2 mutations were mutually exclusive in all but one melanoma (Fig. 2E ). An additional Map3k1 mutation was isolated from a Braf WT melanoma, confirming that the majority of Map3k1/2 insertional mutations occurred in melanocytes retaining functionally wild-type Braf. We mapped the predicted gene products of the Map3k1 insertional mutations and discovered that they included the kinase domain but removed an E3 ubiquitin ligase domain that negatively regulates ERK signaling ( Fig. 2F ) (31) . These data suggest that the Map3k1 insertional mutations may act in a similar manner to oncogenic Braf by constitutively activating ERK signaling. Location, the gene region affected by insertional mutations; No. tum, the number of tumors affected by insertional mutations in the gene; Orientation, the direction of the PB mutator cassette relative to gene transcription. To test this hypothesis, we generated the aberrant Map3k1 products (Map3k1
) and found that their exogenous expression in HEK293T cells efficiently activated ERK signaling as determined by antibody conjugation to phosphorylated ERK1/2 (Fig.  2G) . We further interrogated the Map3k1 mutations for ERKactivating ability in the YUMAC human melanoma cell line, which harbors homozygous oncogenic BRAF V600K mutations (32) . To determine the contribution of aberrant Map3k1 to ERK activation in these cells, BRAF-induced ERK phosphorylation was suppressed by treatment with the oncogenic BRAF-inhibitor PLX4032 (Fig. 2H) . Strikingly, YUMAC cells expressing Map3k1 Δ1/2 sustained ERK activation in the presence of PLX4032 (Fig. 2H) , demonstrating that the ability to drive ERK activation is independent of BRAF.
Although oncogenic BRAF cannot initiate melanoma without cooperating mutations (26) , it confers important malignant hallmarks such as the ability to proliferate independent of growth factors (33) . We investigated whether aberrant Map3k1 can also confer growth factor independence to nontransformed p'mel human melanocytes (33) . Melanocytes expressing activated Map3k1 proliferated under growth-factor deprivation whereas vector-transduced p'mel cells underwent cell death or stopped proliferating (Fig. 2I) .
Taken together, our data indicate that aberrant Map3k1 leads to elevated ERK signaling (Fig. 2J) , which can contribute to melanoma initiation by driving melanocyte proliferation irrespective of upstream growth factor signals. Thus, by using the low-copy PB mutagenesis strategy, we have uncovered an alternative means of activating ERK signaling in melanoma that is independent of the known driver gene BRAF.
Identification of a Highly Mutated Network Surrounding MAGI2. In one tumor harboring only three insertional mutations, we discovered that the recurrently mutated Rapgef2 cooccurred with an insertional mutation affecting Magi2. Magi2 encodes a multiple-PDZ domain-containing scaffolding protein that physically interacts with Rapgef2 (34) and also binds to other proteins frequently mutated in cancer, including the tumor suppressor PTEN and the oncogene β-catenin/CTNNB1 (Fig. 3A) (35, 36) . Although MAGI2 itself has not been previously implicated as a driver gene, the striking cooccurrence of Rapgef2 and Magi2 insertional mutations in our low-copy screen and the network of putative protein associations suggest that MAGI2 might be important for melanoma.
In the mouse tumor harboring the insertional mutation, we observed greater than 50% reduction in Magi2 gene expression (Fig. 3B) . To evaluate the importance of MAGI2 for melanocyte malignancy, we used p'mel cells expressing BRAF V600E , which remain nontransformed (33) . Lentivirus-mediated short hairpin RNA interference of MAGI2 (Fig. 3 C and D) strikingly promoted anchorage-independent growth of p'mel-BRAF V600E cells in soft agar assays compared with cells expressing scrambled control shRNA (Fig. 3 E and F) . These results, taken together with the mutagenesis data in mice, indicate that loss of MAGI2 can cooperate with oncogenic BRAF mutation to promote cellular transformation.
High background mutation rates in human melanomas have made it difficult to distinguish cancer-causing genes from passengers. To determine whether MAGI2 is disrupted in human melanoma patients, we examined mutation data from six melanoma exome sequencing studies and found that MAGI2 is frequently mutated (8.1% of 298 patients) (6-11). However, despite our evidence demonstrating the functional importance of MAGI2, the frequency of nonsilent mutations in this gene was not significantly higher than the background mutation rate ( Fig.  3G ; P = 0.119, χ 2 test). We suspected that this driver might be masked by high rates of passenger mutations in melanoma, thus preventing appropriate identification by prevailing methods without considerably more mutation data. Indeed, when we increased the statistical power of the sequencing dataset by analyzing mutation data across 272 additional melanoma exomes from The Cancer Genome Atlas (TCGA), we were able to detect the significance of MAGI2 mutation burden ( Fig. 3G ; P = 0.011, χ 2 test). Moreover, two whole-genome sequencing studies have uncovered potentially frequent deletions and inversions (15.4%) affecting the MAGI2 locus (5, 9). MAGI2 and the closely-related MAGI3 have also been discovered to harbor rearrangements in prostate and breast-cancer patients (37, 38) . Altogether, the findings that have emerged from our low-copy PB mutagenesis screen and the correlation with human mutation data indicate that the disruption of MAGI2 is likely a previously unrecognized but clinically relevant event in human melanoma and potentially other human cancers.
Low-Copy PB Mutagenesis Implicates Cancer-Associated Genes with Broad Spectrum of Mutation Burdens. Cross-species comparisons between high-copy mutagenesis results and hypermutated cancer- exome sequencing data are problematic because the rampant background mutation rates intrinsic to the tumors from both species inflate false-positive drivers. On the other hand, a lowcopy mutagenesis approach, which minimizes the accumulation of passenger mutations, may serve as a potent predictor of potential driver genes that cannot simply be discovered by repeatedly sequencing tumors and would therefore be highly amenable for cross-species comparative analysis.
We found extensive intersections by cross-species comparison of our genes to melanoma patient mutation data from six wholeexome sequencing studies, the Catalogue of Somatic Mutations in Cancer (COSMIC), and TCGA (6) (7) (8) (9) (10) (11) 39) . Six genes are mutated in 75% of the human sequencing datasets; more than half of the 38 genes are mutated in at least 4 datasets (Fig. 4A) . Every gene identified in our screen is mutated in human melanomas, with many mutated in multiple patients (Table S2) . Eight genes are also affected by intragenic break points from structural rearrangements (Table S2 ) (9) . The high degree of intersection between our mouse melanoma drivers and human melanoma mutation data is consistent with the possibility that these genes may be important for human melanoma.
By accounting for the size of a gene and the average number of nonsilent mutations in human melanomas, the probability of random mutation occurring in any gene can be estimated (Materials and Methods). Using this model, we calculated the background mutation frequencies for the human ortholog of each gene identified in our screen. We subsequently compared them with empirical mutation frequencies in 570 human melanomas. From this analysis, the genes separated into three groups according to mutation burden ( Fig. 4B and Table S2 ). Five genes are mutated at significantly higher frequencies compared with background (group I), and, among these, the melanoma tumor suppressor CDKN2A is the most significantly mutated gene. Along with MAGI2, three other genes (PCDH15, MYF6, and CORIN) are also mutated at statistically significant frequencies (Fig. 4B) . Although these candidate genes have not previously been implicated by human melanoma sequencing studies, they are in fact distinguishable from passengers when data from all studies are analyzed in aggregate. Thus, the identification of group I genes by both low-copy PB mutagenesis and whole-exome sequencing indicates that they may be drivers of human melanoma.
Because we were interested to determine whether our approach can identify driver genes that cannot be discovered by prevailing methods, we next focused on genes that are mutated at significantly lower frequencies than background (group II). Genes with low somatic mutation burdens are often disregarded by cancer exome sequencing studies. However, group II genes were identified by our low-copy screen, which should have minimized the accumulation of passenger mutations. We therefore reasoned that at least some of these genes are nevertheless likely to be important for melanoma. For example, a low mutation burden may reflect the propensity for somatic mutations in a putative protooncogene to interfere with, rather than aberrantly activate, a vital function in melanoma cells, resulting in negative selection of mutations in these genes. In support of our reasoning, MITF is a member of this group as it is frequently amplified in melanoma (33) and infrequently disrupted by protein-coding mutations due to its importance to the melanocyte lineage ( Fig. 4B) (23) . Fig. 4 . PB-implicated genes have a wide spectrum of mutation frequencies in human melanoma. (A) Venn diagram shows the substantial overlap between genes identified in the low-copy PB screen and genes mutated in eight human melanoma mutation datasets (depicted as four ellipses, with the four smallest datasets grouped as one ellipse in black). (B) The detected mutation burden of each gene is plotted against the expected background mutation burden for genes of corresponding sizes. The orange line marks a 1:1 ratio of observed versus background. Genes are colored by group (group I, blue; group II, black; group III, red). Genes in groups I and III are ordered according to the significance of their mutation burdens. (C) The 4× enrichment of coding direction PB insertions is observed in group II genes, predicting overexpression. *P < 0.005, Interestingly, we observed a significant enrichment in codingoriented PB insertional mutations affecting group II genes ( Fig.  4C ; P = 0.001, χ 2 test). In fact, the 12 genes deviating most from their expected mutation burdens were exclusively affected by coding-direction PB insertions, including MITF, MAP3K1/2, and all recurrently mutated genes found in our screen. MITF is known to be amplified in melanoma, and we have already found that coding-direction PB insertions in Mitf and Map3k1/2 resulted in pronounced up-regulation of gene expression (Fig. 1 G  and H) . These data suggest that aberrant activation of group II genes may be important for the development of melanoma.
To explore the possibility that group II genes are aberrantly activated in melanomas, we cross-referenced all 17 genes harboring coding-direction PB insertions with available somatic copy-number alteration and whole-transcriptome sequencing data from TCGA. Strikingly, 74% of 222 melanoma patients were affected by significant somatic copy-number alterations or mRNA expression changes in at least one of the genes. Remarkably, all 17 genes were nearly exclusively affected by recurrent gains (high-level amplifications or significant mRNA upregulation) (Fig. 4 D and E) . We further analyzed available microarray data by comparing the expression of these genes in 142 melanomas versus normal human melanocytes (40) (41) (42) . Increased median-fold expression changes were observed for 65% of the genes (Fig. 4E) . Notably, MAP3K1 was the most highly upregulated gene, providing patient-specific validation for our functional analysis of the recurrent Map3k1 insertional mutations (Fig. 2) . ARHGEF3, which was also recurrently mutated in our screen (Table 1) , and PRKDC were prominently up-regulated as well (Fig. 4E) . Thus, whereas group II genes are infrequently altered by somatic point mutations in melanoma and therefore unlikely to be deemed important by prevailing methods for detecting cancer-associated genes, they are aberrantly activated in a large number of patients and are likely to play previously unrecognized, functional roles in the development of melanoma.
Nine genes that are mutated at approximately the background mutation rate make up group III (Fig. 4B) . These genes are indistinguishable from passengers on the basis of differential mutation frequency. Therefore, we were interested to ascertain whether the genes, having been implicated by low-copy PB mutagenesis as potentially important for melanomas, might actually be drivers that cannot be detected by iteratively sequencing tumors. We considered this possibility by examining whether the gene on this list with the lowest ratio of detected mutations versus passenger background (PTPRO; 0.77) might factor in cellular transformation (Fig. 4B) . Because Ptpro transcript levels in the insertionally mutated mouse tumor were substantially reduced (Fig. 4F) , we depleted PTPRO in p'mel-BRAF V600E cells using lentivirus-mediated shRNA (Fig. 4G) . Loss of PTPRO significantly promoted anchorage-independent colony growth in soft agar (Fig. 4H and Fig. S2 ). This result indicates that the lowcopy PB mutagenesis approach can predict cancer-associated genes that are indistinguishable from background mutation rates.
Collectively, we have shown that the low-copy PB mutagenesis system is uniquely amenable to cross-species comparative analysis with hypermutated human sequencing data. By this analysis, our screen identified genes with a wide spectrum of mutation frequencies in human melanoma (high, low, and background levels). Although genes with low and background mutation frequencies are obscured from conventional cancer gene discovery approaches, we have established that these genes can be functionally significant in human melanomas. These results further demonstrate that the lowcopy mutagenesis approach offers an unprecedented ability to interrogate novel melanoma-associated genes.
Discussion
It has been estimated that sequencing 2,500 tumor-normal pairs of the same cancer type may be necessary to overcome background mutation rates and identify somatically mutated driver genes in nonhypermutated cancers (1) . However, a recent analysis of the heterogeneity found in cancer background mutation rates indicates that this number may be a considerable underestimation (14) . Further accounting for the 10-fold higher mutation rates common in hypermutated cancers underscores the immense challenge of identifying driver genes by prevailing methods. In this paper, we have described a low-copy PB transposon mutagenesis system in mice for screening cancer-driving genes that circumvents the problematic background mutation rates in both human cancer and current transposon-based animal models. Using this approach, we were able to induce melanomas by an average of four insertional mutations instead of hundreds. This study represents a systematic interrogation of a solid tumor type by low-copy transposon insertional mutagenesis.
Although greatly different from human melanomas with respect to mutation rates, the melanomas generated by low-copy PB transposon mutagenesis nevertheless accurately recapitulate the genetic basis of human melanoma as we identified activating insertions in the melanoma oncogene Mitf and an inactivating insertion in the tumor suppressor Cdkn2a. Insertional mutations in known driver genes such as Nras and Kit were most likely not recovered given our choice of using an oncogenic Braf mutation (functioning downstream of Nras and Kit) at the outset of the screen. However, the loss of Pten is known to cooperate with oncogenic Braf in the genesis of melanoma (26) , and the absence of insertional mutations in Pten from eleven PB-induced melanomas suggests that screening larger mutagenesis cohorts may be necessary to cover all known melanoma drivers. On the other hand, our identification of five recurrently mutated genes indicates that even a small cohort of mice undergoing low-copy somatic mutagenesis is sufficient to functionally implicate genes important in melanoma. These results predict that future lowcopy transposon mutagenesis screens using larger cohorts of mice will uncover additional genes and pathways important for the initiation and progression of melanoma as well as other cancers.
Cross-species comparison between our list and human melanoma mutation data identified 11 genes that harbor high nonsilent mutation burdens, some that have been overlooked and others that are indistinguishable from passengers by conventional methods of cancer-gene discovery. For the two genes we characterized at greater depth, loss of Magi2 expression and loss of Ptpro expression were prominent features of Braf V600E melanomas harboring the respective insertional mutations, and, likewise, silencing of the orthologous genes in human BRAF V600E melanocytes promoted cellular transformation. It is worth noting that MAGI2 interacts with a number of known cancer drivers including PTEN and β-catenin/CTNNB1 (35, 36) whereas the receptor-type protein tyrosine phosphatase PTPRO has been reported to interact with the melanoma driver KIT (43) . Interestingly, the incidences of mutation in PTEN, CTNNB1, and KIT are all statistically underrepresented in human melanomas, emphasizing the importance of identifying drivers that may contribute to these pathways. Future studies are necessary to elucidate the specific mechanisms by which these new tumor suppressors exert their functional effects on melanoma.
Our study also uncovered a group of genes infrequently mutated in human melanomas yet nearly exclusively affected by high-level amplifications or up-regulation in a large percentage of melanoma patients. Mirroring these alterations, orthologous genes from the low-copy mutagenesis screen harbored codingdirection PB mutations in 5′ regulatory regions or introns, which are predicted to drive gene expression. Indeed, seven such coding-direction insertions were verified to drive the expression of Mitf, Map3k1, and Map3k2. The striking up-regulation of these genes observed both in our screen and in human melanomas indicates that the low-copy PB system can be advantageously harnessed to interrogate putative protooncogenes that may be infrequently activated by somatic point mutations in human cancers.
In this group, MAP3K1 was the most highly up-regulated gene compared with human melanocytes, and its potential importance was recapitulated by recurrent insertional mutations driving Map3k1 expression in mouse tumors. Because most of the mutations were mutually exclusive with Braf V600E , aberrant MAP3K1 expression may contribute to melanoma initiation in patients without oncogenic alterations in BRAF, NRAS, or KIT, and this possibility is supported by the activation of ERK signaling and conferral of cancer hallmarks in human melanocytes. Pharmacological studies building on these findings will help determine whether dysregulation of MAP3K1 might also contribute to melanoma relapse and resistance following BRAF-targeted therapy. Moreover, although our screen indicates that partial MAP3K1 gene products can drive tumorigenesis in mice, the nature of alterations leading to aberrant MAP3K1 expression in human patients remains to be determined. Interestingly, the existence of similar alterations in human melanomas is established. A recent study found that aberrant splicing of BRAF, leading to the removal of multiple exons at the 5′ end of the transcript, occurs in ∼30% of patients surveyed and generates constitutively active truncated gene products (44) . Although a clearer picture will be gained from more extensive characterization of MAP3K1 alterations in human melanomas, our study demonstrates that the low-copy PB approach provides predictive power for potential melanoma-associated genes that cannot be discovered by purely sequencing tumors and has made compelling inroads for further exploration in this area.
Overall, we have shown that the low-copy PB mutagenesis system generates biologically meaningful results whereby the genetic alterations are highly relevant to the tumor. Our study represents a conceptual advance from previous high-copy transposon mutagenesis screens and provides proof-of-principle to a powerful, unique approach that facilitates unbiased discovery of cancer-driving genes. Moreover, we identified MAGI2, PTPRO, and MAP3K1 as previously undescribed melanomaassociated genes and uncovered a functional role for aberrant MAP3K1 expression in promoting melanocyte growth factor autonomy. Further functional investigation of the candidate genes identified in this study is warranted to determine their biological roles in human melanoma.
Materials and Methods
Mice. Animal experiments were approved and conducted in compliance with the Yale Animal Resources Center and Institutional Animal Care and Use Committee under the protocol 2008-10230. Act-PBase (linked to the K14-Tyr transgene) and Luc-PB[mut]7 (linked to the αA-tdTomato transgene) mice were genotyped by coat color and lens fluorescence, respectively (16, 19) . Braf CA and Tyr-CreER mice were genotyped by PCR using primer sequences previously described (27, 28 Mapping Insertional Mutations. We performed linker-mediated PCR to amplify genomic sequences flanking PB insertions as previously described (19), with modifications starting at the secondary amplification step to permit multiplexed Illumina sequencing. The custom primers enabling multiplexed Illumina sequencing can be found in Table S3 . After sequencing the PCR products, paired-end reads were demultiplexed and mapped against the reference genome using Illumina's standard Casava pipeline (version 1.8.2). A custom python script was used to find and count the number of Read1 reads mapping to each unique location (including orientation of PB insertion) in the genome. We calculated statistics on the paired-end insert size for each location and annotated each position with the genes immediately up-and downstream, using as gene annotations refFlat.txt from goldenPath at the University of California, Santa Cruz (http://genome.ucsc.edu/). A 15-Mb local transposition window on chromosome 1 was observed and discounted from further analysis. Insertional mutations (encompassing insertions that occurred in exons, introns, or 4 kb upstream of first exons) that contributed to high read counts in samples (≥5% of the most abundant insertion's read count) were deemed likely to be present in the dominant tumor clone and drive tumorigenesis. PCR verification of insertional mutations was performed using primers specific to the PB transposon (5′-AAATCAGTGACACTTACCGCA-TTGACAAG-3′ and 5′-CCTCTAATAGTCCTCTGTGGCAAGGTCAAG-3′) and to the mouse genomic DNA flanking the insertion sites (Table S3) .
RT-PCR. Macrodissected tissue was homogenized using a bead mill homogenizer (Qiagen); cell lysates were homogenized by passing through a 20-gauge syringe. Purified RNA was used in the iScript reaction (Bio-Rad) to synthesize cDNA. RT-PCR was performed using primer pairs that span splicing junctions between the PB[mut] initiator exon and downstream exons of inserted genes.
The primer for the PB[mut] initiator exon was 5′-TGGGGAATGGAGCAGAAGCTC-3′. Primers used for exons downstream of the insertion site were 5′-ATAAG-CAGCCAACGAGTTCC-3′ and 5′-TACCAGCATGGCTCTCAATG-3′ (Map3k1), and 5′-CCACAGCTTTGTCCAAGTCA-3′ (Map3k2). Products were sequenced to confirm transposon-derived chimeric mRNA. qPCR with SYBR green (Applied Biosystems) was performed in triplicate for each sample to determine gene expression using the relative standard-curve method. For determining up-regulation or downregulation of each gene in bulk mouse tumors, relative transcript levels in melanomas harboring the insertional mutations of interest were compared with three melanomas without the insertional mutations, and P values were calculated using the t test. Primer pairs used can be found in Table S3 .
Histology and Immunohistochemistry. Melanomas were fixed overnight in 10% neutral-buffered formalin and dehydrated with a series of ethanol and xylenes. Paraffin-embedded sections were stained with hematoxylin and eosin. For immunohistochemistry, sections were deparaffinized and rehydrated before heat-induced antigen retrieval in sodium citrate and subsequently incubated with the primary antibodies MAP3K1 (Millipore; 07-1476) or S100 (Thermo Scientific; RB-044-A1). Slides were developed using a diaminobenzidine-peroxidase substrate kit (Vector Labs) and counterstained with hematoxylin.
Cell Culture. The 293T cells were cultured in DMEM supplemented with 10% FBS; YUMAC melanoma cells (32) ) (33) were cultured in DMEM/F12 growth medium supplemented with 10% FBS and 1% L-glutamine. Truncations of Map3k1 were generated by PCR amplification using full-length rat Map3k1 cDNA as template (45) 24 -h postinfection, and were maintained under growth-factor deprivation for 2 wk. Three independent experiments were performed. Brightfield images of cells were taken over the course of the experiment. At the end point, cells were fixed in 4% paraformaldehyde, stained with a 0.1% solution of crystal violet, washed extensively, and air dried. Bound dye was recovered using 10% acetic acid, and absorbance at 595 nm was measured by a plate reader. Cell numbers as determined by absorbance values were calculated by the relative standard curve method. Data are presented as the average number of cells per well, and P values were calculated using the t test.
Analysis of Protein Interaction Networks. The Search Tool for the Retrieval of Interacting Genes/Proteins (STRING; http://string-db.org/) with a threshold confidence setting of 0.6 was used to build networks of experimentally validated human protein associations (48) .
Statistical Analysis of Nonsilent Mutation Burden. Melanoma somatic mutation data were downloaded from independent studies (6) (7) (8) (9) (10) (11) and TCGA data portal. The probability of random mutation occurring in any given gene was calculated based on the size of the gene and the average number of nonsilent mutations in human melanoma. The average number of mutations in melanoma was determined by the sample number-weighted average of mutations reported in melanoma exome-sequencing studies (6) (7) (8) (9) (10) (11) . RefSeq gene sizes were used in calculations. Calculations were performed under the following assumptions: first, the probability of mutation at all possible positions of the exome is equal; second, each gene is mutated once per tumor; and third, mutational events are independent. A χ 2 goodness-of-fit test was performed to evaluate the null hypothesis, which states that the observed mutational frequency of a gene across 570 melanoma patients occurs without positive somatic selection.
Analysis of Somatic Copy Number Alteration and Gene Expression Data. Somatic copy number alteration data and whole transcriptome sequencing data for 17 genes from 222 melanoma patients were generated by TCGA and analyzed using the cBioPortal for Cancer Genomics (http://www.cbioportal. org/) (49, 50) . For determination of significant somatic copy number alterations, GISTIC scores of 2 (high-level amplification) or −2 (deep loss) were considered. For determination of mRNA up-regulation or down-regulation, a z-score threshold of ±2 was considered a significant deviation from the mean melanoma expression level. A gene was considered recurrently gained if the ratio of patient samples with significant amplification or mRNA upregulation to those with significant loss or mRNA down-regulation was greater than 1.5. Eleven of 17 genes were exclusively amplified or up-regulated, 5 of the remaining 6 genes had ratios greater than 5, and SH3BP4 had a ratio of 1.7. Microarray data from independent studies comparing human melanomas versus normal melanocytes were downloaded from Oncomine (www.oncomine.com/) (51) . Sample number-weighted averages of the median-fold changes in melanomas relative to normal melanocytes were calculated for each gene.
